Newcastle disease virus (NDV) is an oncolytic paramyxovirus with a nonsegmented single-stranded RNA genome. In this report, a recombinant oncolytic NDV was passaged in human tumor xenografts and reisolated and characterized after two rounds of bioselection. Several isolates could be recovered that differed from the parental virus with respect to virus spread in tumor cells and the ability to form syncytia in human tumor cells. Three isolates were identified that demonstrated superior oncolytic potency compared with the parental virus as measured by increased oncolytic potency in confluent tumor cell monolayers, in tumor cell spheroids and in a mouse xenograft tumor model. The surface proteins F and HN were sequence analyzed and characterized for fusogenicity. The present study demonstrates that in vivo NDV bioselection can enable the isolation of novel, oncolytic NDV and thus represents a powerful methodology for the development of highly potent oncolytic viruses.
INTRODUCTION
Newcastle disease virus (NDV) is a naturally occurring oncolytic virus that inherently replicates in most human tumor cells. The mechanism of the tumor-selective replication is only partially understood. It is thought that a defect in the cellular interferon response, which is a common observation in human tumor cells, contributes largely to that effect. 1 Because of the defective interferon response of tumor cells, selective replication and associated cytotoxicity occurs only in tumor cells, whereas sparing normal cells. 2 It has been proposed that apoptosis is involved in the virus-mediated cell killing. 3 Unlike other oncolytic viruses, NDV is not dependent on a receptor that is specifically expressed on tumor cells. In contrast, the virus binds to the ubiquitous sialic acid present in glycoproteins on the cell surface. Thus, NDV may be a broadacting oncolytic agent.
NDV is not pathogenic for humans but it is a well-studied pathogen for birds, in particular chickens. 4 Various strains of NDV have been tested for the treatment of human tumors (history reviewed in 5 and some of the strains have now been tested in clinical trials. 6, 7 ). The NDV strains are generally classified into three groups (lentogenic, mesogenic and velogenic) based on their pathogenicity in chickens.
Lentogenic viruses are generally considered vaccines, whereas mesogenic and velogenic viruses are generally considered pathogens. 4 Because lentogenic NDVs can infect human tumor cells but normally cannot replicate in the tumor cells, they lack the self-amplification property that is a main characteristic of the mesogenic NDVs that are therapeutic candidates. Therefore, clinical trials with oncolytic NDV strains to date have generally been conducted with mesogenic strains. However, there is also a lentogenic strain being tested for tumor treatment. 8 Consequently, when engineering the NDV genome or selecting for genetic variants that have a higher oncolytic potency and might be advanced towards clinical testing, it is necessary to minimize the environmental risk to prevent the inadvertant generation of more pathogenic viruses for the natural host, especially poultry.
Several NDV strains have been genetically engineered to alter selected properties, starting with vaccine strains 9 --11 and later extending to oncolytic strains. 12, 13 Pü hler et al. 12 describe the generation of a recombinant virus from the naturally oncolytic mesogenic NDV strain, MTH68, expressing the two chains of a full IgG antibody as a transgene. Furthermore, the transgene green fluorescent protein (GFP) was engineered into the viral genome to create an oncolytic reporter virus that can be monitored for the infection of human tumor cells both in vitro and in vivo. Currently, both natural and genetically modified NDV viruses are being studied as oncolytic viruses for virotherapy of tumors.
In monolayers of human tumor cells, one NDV virus particle is sufficient to kill more than 10 7 cells. However, the 100% cytotoxicity that is often observed in vitro does not translate generally to complete responses in human tumor xenograft experiments (Beier et al., unpublished observations). Further studies indicated that intratumoral virus spread is limited in the xenograft tissue due to barriers that impede the oncolysis in a tumor as an organ as compared with monolayer tissue culture cells. Methods are thus needed that develop viruses that can overcome these limiting barriers in vivo. In an elegant approach to develop highly potent viruses, Kuhn et al.
14 described and validated an in vitro methodology for the generation of more potent oncolytic adenoviruses by directed evolution. They forced recombination between various strains of adenoviruses to generate a novel, highly potent oncolytic virus, ColoAd1. This method, however, is limited to viruses with double-stranded genomes. For single-stranded negative genome viruses, such as paramyxoviruses, recombination is not expected to occur and bioselection would only be possible on the basis of stochastically occurring single mutations. Consequently, new methods are needed to exploit the power of bioselection for this class of virus.
In this manuscript, we describe and validate that bioselection of oncolytic NDV in vivo in human tumor xenografts is a powerful method to isolate viruses that have higher oncolytic potency than their parental strain both in vitro and in vivo.
RESULTS

Bioselection of NDV MTH87 in a human tumor xenograft
The tumor is a highly complex organ that is difficult to accurately model in simple in vitro tissue culture systems. Which factor or combination of factors is missing in the current in vitro tissue culture systems that is critical to selecting for NDV that efficiently replicate, spread and lyse tumor cells is unclear. The human fibrosarcoma cell line HT1080 is a model cell line that is highly sensitive for oncolytic cell killing by NDV MTH68 in vitro. However, in vivo the lysis of HT1080 tumors in mice by MTH68 is incomplete and spread of the viral infection within the tumor is limited to many small areas (data not shown). Therefore, this cell line is well suited to screen for viruses that may have the potential to overcome these in vivo barriers.
We took the simple approach of allowing passage of the virus in vivo to select for variants that had properties that rendered these viruses superior in their in vivo activity relative to the original virus strain. This methodology seeks to take advantage of the natural mutation rate inherent to any replicating organism. For RNA viruses, the mutation rate is estimated to be 0.7 per virus genome per generation. 15 Consequently, in a population of 10 7 virus particles that could be administered in a traditional tumor xenograft model, there should be a calculated population of 0.7 Â 10 7 mutated viral genomes and, assuming that this occurs in a non-prejudiced manner, should create diversity of 7 Â 10 6 . We sought to use this natural diversity to allow us to identify highly potent viruses, using the complexity of the tumor to select for highly potent variants in vivo. In our experimental system, tumor xenograft-bearing mice were treated with recombinant NDV harboring the transgene GFP (MTH87). 12 Notably, one of the tumors did not grow significantly during the treatment (mouse 3/5, Figure 1a ). In contrast, all the vehicle-treated tumor-bearing mice had to be euthanized within 2 weeks after treatment due to tumor burden. It was therefore assumed that a variant or variants in mouse 3/5 replicated and spread efficiently and thus grew better in the tumor than the parental virus that had been used for the treatment.
To prove that replicating virus was still present in the tumor, the tumor was excised from the euthanized animal, dissected into pieces and incubated on a monolayer of HT29 human colon carcinoma cells (Figure 1b) . These cells were chosen as indicator cells because they show strong expression of virally expressed GFP after infection with MTH87 before they are killed by the infection. They are also good producer cells to amplify the virus. After incubation with the tumor pieces, GFP-positive cells could be detected (data not shown). This was proof that virus was still present in the tumor and that it was still able to infect the tumor cells and lead to transgene expression. The reisolated viruses were amplified in HT29 producer cells and titrated. Subsequently, the tumor-passaged virus pool was characterized by infection of various tumor cells. When MiaPaCa human pancreatic carcinoma cells that are very sensitive to MTH68, similar to HT1080 cells, were incubated with that virus, a markedly enhanced syncytia formation in the cell monolayer was observed (Figure 1c ). This phenotype indicated that bioselection of the virus had selected for at least some phenotypically distinct virus. It also suggested that enhanced syncytia formation correlates with enhanced oncolytic potency in the xenograft. After the first tumor passage, the virus was amplified in chicken eggs to obtain high-titer stocks for a second round of bioselection. The virus pool was again injected into xenografts of tumor-bearing nude mice. After 32 days, one tumor was again explanted and virus could be reisolated in cell culture on HT29 cells. The supernatant of the HT29 cells was then used to isolate individual viral variants from the pool of bioselected virus MTH87.
Bioselection results in multiple phenotypic distinct virus clones Individual viruses were isolated by double plaque purification. Out of 48 individual viruses that were isolated and initially analyzed, 8 isolates were selected for expansion and further characterization, as they exhibited individually distinct phenotypes after infection of HT29 cells. Those eight isolates were subjected to a second plaque purification and Figure 2a shows single representative 'plaques' after infection of confluent HT29 monolayers with a very low multiplicity of infection (MOI) of 0.0001. It can be observed that isolates 15, 30 and 37 clearly show syncytia formation in contrast to the parental virus MTH87 that does not lead to cell --cell fusion in the HT29 cells. Isolate (cl) 45 demonstrated accelerated spread in the monolayer leading to larger GFP-expressing plaques after 24 h.
Biological characterization of selected clones To quantify spread of the viral infection, the fraction of GFPpositive cells after the infection was determined by fluorescenceactivated cell sorting (FACS) analysis. As seen in Figure 2b , there were different rates of spread for the eight selected isolates. Some isolates exhibited rapid spread in the cell monolayer (15, 45, MTH87) , others an intermediate (48, 37, 30, 27, 29) spread and cl 11 a markedly slower spread. Only cl 45 resulted in significant cell death under these experimental conditions, which is reflected by the drop in the number of GFP-positive cells. After 48 h, all clones resulted in more than 70% of the cells being infected and expressing the viral transgene GFP. The rate of the spread of the infection need not necessarily parallel the rate of virus replication, which measures the increase in virus particles in the cell supernatant. Therefore, also the viral replication was measured for the eight isolates. The maximal increases in infectious virus particles (plaque-forming unit (pfu)) in the supernatant within 24 h after infection of HT29 cells are depicted in Figure 2c . The parental virus MTH87 clearly has the highest growth rate. The isolate cl45, with the fastest microscopically observed spread, has only an intermediate replication rate with regard to virus particle amplification. Isolate cl37, which exhibited the formation of the largest syncytia, had the lowest replication rate.
A traditional indicator of oncolytic potency is in vitro cytotoxicity. To test this property of the individual isolates, confluent monolayers of three different human tumor cell lines (NCI H460 non-small cell lung cancer, HT29 colon carcinoma, HT1080 fibrosarcoma) were infected at a low MOI (0.01). After 72 h, the viability of the cells was determined using an MTS assay. Figure 2d shows the mean viability values of the three cell lines after infection. Several isolates exhibited stronger cytotoxicity than the parental MTH87 virus. From this experiment, it was concluded that the isolates cl 30, cl 37 and cl 45 have the highest in vitro oncolytic potency. Therefore, these three isolates were selected for further analysis and characterization. It should be noted that the three most cytotoxic clones do not have similar properties with respect to fusogenicity, viral spread and growth rate (Table 1) .
Increased oncolytic potency in multicellular spheroids and tumors The faster spread observed with cl 45 may contribute to enhanced oncolytic potency. Also an increased ability to fuse cells, as observed with cl 30 and cl 37, may be an advantage for an oncolytic virus. The parental virus NDV MTH87 is a very cytotoxic virus when applied to cell monolayers. 12 Within a tumor tissue, in contrast, the virus is much less destructive and usually not capable of eradicating all tumor cells within a treated xenograft (Beier et al., unpublished data). To test the bioselected virus isolates under more clinically relevant conditions, we used cell spheroids to provide a three-dimensional substrate for the oncolytic virus. HCT116 human colon carcinoma cells can be grown as spheroids with a diameter of up to 400 mm. In monolayer, they are susceptible to MTH87 infection, and though these cells demonstrated strong GFP expression, they did not exhibit significant syncytia formation (data not shown). HCT116 spheroids were infected for several days with either the parental virus MTH87 or the bioselected-derived clones at low MOI ( Figure 3 ). All viruses lead to cell killing. However, the parental virus was less effective than the clones in eliminating the cells in the 3D model. Compared with monolayers, the oncolytic effect is delayed by several days suggesting that the 3D packing of the cells is a barrier to the spread of the virus. Within 2 days after infection, only the rim of the spheroids gets infected and is destroyed. Only after 5 --9 days also the center of the spheroids is reached by the virus and eventually killed. The infection with the parental virus MTH87 does not result in a complete cell killing of the spheroids. The result of the cell viability quantification (Figure 3b) is consistent with the microscopic finding confirming that all three tested clones are more oncolytically potent than their parental virus.
In addition to the spheroid studies, large multicellular aggregates were also generated and used for infection assays. These disc-shaped cell complexes can reach a diameter of 2000 mm. After infection with the GFP viruses for 1 day, a thin layer of cells at the rim of the spheroid is infected and expresses the transgene (Figure 3c ). No obvious differences between the viruses can be observed. At 4 days after the infection, virally expressed GFP can clearly be detected also in the center of the aggregates after infection with isolates 37 and 45. The spread of the virus from the rim to the center is delayed after infection with isolate 30 and even more delayed after infection with the parental wild-type virus. It is noteworthy that all viruses were not able to lyse the aggregates, although most of the cells were not viable any more (as assessed by trypan blue staining, data not shown).
Having shown an increased potency of bioselected virus clones in an in vitro 3D tumor cell model, we consequently wanted to test the oncolytic potency of the bioselected viruses also in an in vivo tumor model. Nude mice were transplanted with human HT1080 tumor cells and treated after the tumor area reached 20 mm 2 with the isolates cl 30, cl 37, cl 45, as well as the parental strain MTH87. All animals received a dose of 3 Â 10 7 pfu at day 7, 14 and 21. Figure 4 shows the tumor growth curves for the individual animals. All vehicle-treated control animals had to be euthanized by day 14 due to tumor burden (Figure 4 , top). MTH87 showed a significant tumor growth inhibition with some animals responding better than others. Treatment with all three individual bioselected isolates resulted in a significantly superior anti-tumor effect than treatment with the parental virus. All animals had a growth inhibition or complete tumor response. Some animals died in the course of the experiment (one animal in the cl 30-and cl 45-treated cohorts, two animals in the cl 37 treatment cohort). These events were observed at time points later than the killing of the control animals due to tumor burden. There was no general loss in body weight in all treatment groups compared with the vehicle-treated group. In contrast to treatment with parental virus, the clones did not only slow down tumor growth but also lead to complete responses, which had not been observed with the wild-type virus. Most responders were seen in the group treated with isolate 45 (4 out of 8), followed by isolate 30 (2 out of 8) and 37 (2 out of 8) and MTH87 (0 out of 8).
It can be concluded that bioselection of MTH87 in human tumor xenografts yielded viruses with enhanced oncolytic potency not only in vitro but also in vivo.
Molecular characterization of the surface proteins of the selected clones From the observation that some of the bioselected clones differed with regard to syncytia formation, mutations in the genes for the Isolation of a potent NDV by bioselection R Beier et al two surface proteins, the fusion protein F and the hemagglutinin neuraminidase protein HN, were most likely to contribute to the differing oncolytic properties. To understand whether particular mutations or variations in those proteins were responsible for the altered phenotypes, F and HN were sequence analyzed and compared with the genes of the parental virus. It was possible to identify several base substitutions, some of which also result in a change in the amino-acid sequence of the respective protein (summarized in Table 2 ). From the more fusogenic phenotypic isolates cl 30 and cl 37, we expected to identify differences in the fusion protein. However, changes in the F protein were only identified in cl 30 ( Table 2 ). In contrast, we could not detect any amino acid change in the F proteins of cl 37 and cl 45, although cl 37 exhibited a strong fusogenic phenotype. Therefore, the ability of isolate cl 37 to form more syncytia than parental virus must be independent of the F protein gene sequence.
Amino-acid changes were noted in the HN proteins of all of the studied isolates. One of the changes, T118A, is common to all three isolates, and N119K is shared between cl 37 and cl 45. These relationships suggest that the clones have not emerged completely independently. The common mutation T118A is present in almost all sequenced HN proteins in the Genbank database. D82N is described to be in the F-interacting region in the stem of HN. 16 An E495V mutation is described to alter a monoclonal antibody recognition. 17 For the other mutations, no function has been reported.
Mutations in the HN protein correlate with the enhanced fusogenicity From the sequencing results with cl 37, it was clear that differences in the F protein could not be responsible for the differences in the cell --cell fusion behavior between the viruses. For the fusion of cell membranes, it is described that F alone is not sufficient but rather has to cooperate with the HN protein. An interaction between F and HN is very likely necessary. 18, 19 Therefore, we wanted to test whether instead of F, the changes in the HN proteins were the cause for enhanced fusogenicity. For that purpose, the genes for the HN proteins of cl 30, cl 37 and cl 45 were cloned as complementary DNA into eukaryotic expression plasmids. Transient transfection of these expression plasmids individually resulted in a very similar staining pattern as transfection with the wt gene (Figure 5a ). No obvious differences in expression levels in the cell monolayer, membrane staining or intensity could be observed. Cotransfections of expression plasmids for the fusion and hemagglutinin proteins of paramyxoviruses are described to be sufficient to lead to cell --cell fusion (for example, Sergel et al. 19 ) Cotransfections were performed with combinations of plasmids coding for the wild-type MTH68 F protein and the respective HN mutants of the bioselected virus clone. A clear difference was noted with respect to the cell --cell fusion properties (Figure 5b ). Whereas the wild-type HN lead to only small syncytia, all HN proteins derived from the tumorpassaged isolates resulted in significantly larger syncytia. HN from cl 37 demonstrated the greatest increase in fusogenic property, in agreement with the properties already observed with the viral infection in the HT29 cells (Figure 2a) . Consequently, individual amino-acid changes in the HN protein are sufficient to account for enhanced fusogenicity of the virus.
The bioselected viruses have no increased toxicity in the natural host chicken NDV is a chicken pathogen. The described recombinant virus MTH87 is derived from a mesogenic strain that is classified as an Isolation of a potent NDV by bioselection R Beier et al animal pathogen. It is important that viruses designed and selected for oncolytic potency in human tumors do not exhibit an enhanced safety concern for poultry. An increase in virus potency that was coupled with an increase in toxicity to poultry would therefore not be acceptable for a therapeutic oncolytic virus. For that reason, the pathogenicity of the bioselected clones was tested in the natural host chicken. Ten-day-old embryonated chicken eggs were infected at the same MOI for all viral isolates in comparison with the parent virus and the survival of the embryos was monitored twice daily ( Figure 6 ). The highest mortality was seen after infection with MTH87. All bioselected isolates had a similar or better survival rate in the embryos. The calculated mean death time for the isolates is 40 --64 h compared with 36 h of the wild-type MTH87. In the case of the isolates cl 30, cl 37 and cl 45, the bioselection in human tumor tissue had therefore not increased the overall toxicity of the virus. Therefore, the toxicity and oncolytic potency of bioselected NDV are not directly linked.
DISCUSSION
The present work demonstrates that in vivo bioselection that seeks to exploit the low mutation rate for paramyxoviruses, which results in microvariants of each strain after only a few genome replications, can be used to isolate highly potent oncolytic NDV viruses. In our study, we demonstrate the power of the methodology to isolate and expand the rare variant that possesses desired, selected-for properties. The rare nature of these isolates support the previous work, that defined the genomic stability of NDV and supports the safety and pharmaceutical utility of the virus. 
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Although all isolates still expressed the transgene GFP (no colorless syncytia were observed, data not shown), the clones showed marked differences in the spread of the infection and ability to form syncytia, especially when compared with the parental virus. After characterization of a selection of eight bioselected isolates, three isolates showed a marked increase in oncolytic potency when tested on adherent cells. However, no common phenotype could be detected. Whereas isolate cl 37 had a strong fusogenic phenotype, cl 45 was not very fusogenic but spread extremely rapidly within the cell culture. When tumor cells are infected at a very high dose (MOI 1) to assess the oncolytic effect largely independent of virus replication, interestingly cl 45 is almost the least potent of the eight clones (Supplementary Figure  S4) . This indicates that the main advantage of cl 45 is the fast replication and viral spread, rather than the cytotoxicity. This property may eventually be engineered into one of the other clones to further increase the oncolytic potency.
From this data, it is obvious that various distinct properties of the virus that are the consequence of subtle protein sequence variations contribute similarly to the oncolytic effect. It is well conceivable that it will be possible to engineer even more potent viruses when these independently occurring variations would be combined in a genetically modified virus.
To try to better define the potential clinical activity of these viral variants, we tested their activity on three-dimensional cell spheroids that more closely model the in vivo situation. 20 --22 That model has been applied in the present study. The experiments indeed demonstrated that the virus penetration is different for the selected viruses. However, it was observed that although cl 45, which is much less fusogenic than cl 37, had a similar infection pattern and better penetration than wild-type virus. Therefore, the observed effect in the spheroid model cannot exclusively be attributed to the better cell --cell fusion of the isolate. In our experiments, enhanced cytotoxicity in spheroids correlates with enhanced in vivo oncolytic potency supporting the usefulness of the 3D models for studies with oncolytic viruses.
In support of the in vitro experiments, we also describe an increased in vivo anti-tumor effect of the bioselected viruses in a xenograft experiment ( Figure 5 ). The cells that were used for that experiment (HT1080) very easily form syncytia in vitro. Therefore, the more fusogenic phenotype of the isolates may be underestimated and may be more pronounced in less-fusogenic tumor cells, for example, HCT116 or HT29 cells. The clearance of virus from the organism cannot be measured in the in vitro assays. It is therefore possible, that cl 30 and cl 45, which have the highest response rate in vivo (Supplementary Figure S2) , have the ability to remain in the organism longer than the parental virus and cl 37. For cl 30 and cl 45, virus could be isolated from the remaining tumors that did not grow 55 days after treatment (data not shown). Exemplified for one tumor, the viral protein expression in the tumor at day 76 was confirmed by immunohistochemistry (Supplementary Figure S3) . The molecular basis for that virus persistance remains to be elucidated.
Most responders and the best antitumor effect was observed with cl 45. This isolate is characterized by an extremely fast spread and high toxicity in vitro. It therefore appears that the rate of virus spread from cell to cell is a critical determinant of an effective oncolytic virus. This is in agreement with proposed mathematical models of viral oncolytic therapy, 23, 24 which concluded that efficient tumor cell killing is critically dependent on how rapidly the virus lyses infected cells. Our findings now fully support these models experimentally.
The NDV genome encodes six major proteins. Two of them are transmembrane proteins and are expressed on the viral surface: the fusion protein F and the hemagglutinin neuraminidase protein HN. HN is the attachment protein and F is responsible for the fusion of the viral coat with the host cell membrane. When expressed as a transgene in cells, either by transfection or infection, F and HN together lead to syncytia formation in many cells by cell --cell fusion. Some F proteins can promote cell --cell fusion alone. HN alone has no cell fusion activity. If F is expressed together with the homotypic HN-protein, syncytia formation is markedly enhanced. 25 The precise mechanism of the fusionpromoting activity of HN is still unknown. A mutation in the NDV F protein in the heptad region 3 (L289A) leads to an increased fusogenicity of the protein. 26 To understand the molecular basis for the differences in the fusion behavior of the bioselected viruses, the surface proteins were sequenced. As the fusogenicity of a paramyxovirus is largely determined by the F protein, it was expected that mutations in the F protein were the cause for the observed differences with the bioselected isolates. Strikingly, the most fusogenic isolate cl 37 had no change in the amino-acid sequence of the F protein compared with the parental virus. In contrast, amino-acid changes in the HN protein were discovered. From the transient cotransfection experiments ( Figure 5 ), it is concluded that indeed these mutations in the HN protein are responsible for the enhanced fusogenicity. Because the expression of the HN proteins is not affected, the amino-acid changes must have a mechanistic impact on the cell--cell fusion.
The only common mutation among all three analyzed clones is T118A. Almost all published HN sequences have A at position 118 (BLAST (basic local alignment search tool)-query). Therefore, it is possible that the rare exception 118-T that is present in MTH68, functions to impede cell --cell fusion. A molecular function for aa 259 is not described. When looking at the 3D-structure of HN, the amino acids E259 as well as E495 are on the exposed protein surface. 27 However, there is no evidence whether they are involved in the interaction with the F-protein.
Ren et al. 28 describe the effect of heptad repeat mutations in F on the HN-dependent fusion and a L289A mutation in F in particular is described to enhance syncytia formation. 26 In contrast to F, for the HN protein all amino-acid changes that were identified in this study have not yet been linked with a fusionpromoting function, so this finding may contribute to the elucidation of the role of HN in NDV fusion.
It has been shown that more fusogenic proteins can enhance the oncolytic potency of a virus, for example, the NDV F L289A in VSV, 29 suggesting that the ability of an oncolytic virus to form syncytia correlates with the potency. If foreign hyperfusogenic transgenes, such as GALV, are expressed by other recombinant . NDV toxicity in chicken eggs. Eleven 10-day-old embryonated chicken eggs were infected each with 4000 pfu of the indicated viruses. After infection, the survival of the embyos was monitored twice daily for 5 days. The graph shows the number of surviving embryos at the respective time point. oncolytic viruses it is also possible to enhance the potency of the viruses 30 --32 supporting this hypothesis. These results strongly suggest that cell --cell fusion is of advantage for the oncolytic potency. Our unpublished results from immunuhistochemistry of infected tumors with MTH68 wildtype virus show an incomplete penetration of the infection within the tumor and strongly argue that a major limit of the in vivo efficacy of NDV is the limited intratumoral spread. That issue may be overcome by enhanced fusogenicity of the virus as also supported for vaccinia virus. 33 Alternatively, relaxin as a transgene that enhances intratumoral spread is able to increase the oncolytic efficacy of an adenovirus. 33, 34 Although the enhanced fusogenicity of the clones can be pinpointed to the mutations in the HN protein, it is still not fully understood what accounts for the enhanced oncolytic effect. Additional mutations in the other genes or the regulatory sequences may contribute. Consequently, future studies will be required to completely sequence these viruses and then systematically separate driver from passenger mutations in the virus genome.
We were able to identify more potent oncolytic viruses by bioselection. To rule out the concern that increased oncolytic potency is also associated with increased toxicity towards normal cells, we infected normal primary fibroblasts with the clones in comparison with the parental virus. There was no significant difference in the cytotoxicity in that experiment (Supplementary Figure S1) . The bioselected clones, therefore, maintain the tumor selectivity of the parental virus.
Because we were studying a mesogenic NDV that is classified as an animal pathogen, we were also concerned that the bioselection may have resulted in virus variants that not only replicated better in human tumor but also in their natural host chicken. Although we cannot conclude from the data ( Figure 5 ) that the bioselected clones are more attenuated, we can state that the increased oncolytic potency in human tumor cells does not directly correlate with the toxicity in chicken. This is an important finding because it will not generally limit the bioselection method. In the long term of course, it would be desirable to develop a virus that has no environmental risk any more and is completely attenuated for chicken. Whether the method of bioselection analogously to vaccine research will be useful for that purpose remains to be determined. In general, such a strategy to decrease the chicken toxicity should not automatically decrease concomitantly the oncolytic potency.
We conclude that improved oncolytic viruses compared with the parental virus MTH68 were generated for further development and that the method of bioselection is a useful tool to enhance the properties of an oncolytic paramyxovirus.
MATERIALS AND METHODS
Cells and viruses
HT29 (HTB-38), HT1080 (CCL-121), MiaPaCa (CRL-1420), U2OS (HTB96), NCI-H460 (HTB-177) and HCT116 (CCL-247) cells were obtained from ATCC (LGC Promochem, Wesel, Germany). The virus NDV MTH68 was obtained from Laszlo Csatary, Hungary. MTH87 was described before. 12 For in vitro experiments, virus was produced in HT29 cells. Supernatant of cells was centrifuged for 15 min at 3000 r.p.m. and the supernatant was titrated and stored at À80 1C. For in vivo experiments, virus was grown in eggs and allantoic fluid was precleared and concentrated by tangential flow filtration with phosphate-buffered saline (PBS). Concentrated purified virus was titrated and stored in PBS at À80 1C.
Transient transfection of cells was carried out using Lipofectamine 2000 (Invitrogen, Karlsruhe, Germany). In all, 4 Â 10 5 cells were plated in a 6-cm dish and were transfected 1 day later with a total of 1 mg DNA.
For detection of syncytia formation after infection or transfection, cells were fixed with 100% ethanol and stained with 10% Giemsa's solution 24 h after transfection.
For immunofluorescence assay, cells were fixed 2 days after the transfection with 4% formaldehyde. Nuclei of all cells were stained with Hoechst 33258. HN proteins were stained with a chicken polyclonal antiserum against NDV (ab34402, Abcam, Cambridge, UK) and a secondary anti-chicken Cy3 antibody.
Cloning and sequencing
Viral RNA was isolated from purified virus after tangential flow filtration from allantoic fluid using the QIAamp viral RNA kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. From the resulting RNA, 5 mg were used for each reverse transcription (Superscript kit, Promega, Mannheim, Germany) with gene-specific primers. Subsequently, PCR was carried out with pfu proofreading DNA polymerase (pfu turbo, Stratagene, La Jolla, CA, USA) using primers with restriction enzymerecognition sequences. The PCR product was cloned into the vector pcDNA2.1 (Invitrogen). The plasmid was used as a template for the sequencing reaction.
Sequencing was carried out with two clones each that originated from two separate first-strand reverse-transcriptase-PCR reactions.
Using the unique restriction sites for SacI and KpnI, the inserts were then subcloned from pcDNA2.1 into the expression vector pCAGGS. Analogously, the gene for the wild-type MTH68 F protein was cloned into the pCAGGS expression plasmid.
Spheroids
The 24-well culture plates were coated with 2% agarose in PBS to prevent adsorbtion of cells. In all, 10 6 cells were seeded and incubated at 90 r.p.m. on an orbital shaker for the generation of spheroids within 24 h. For generation of larger multicellular aggregates, 10 6 cells were incubated for 48 h at 70 r.p.m. Cells were infected with 10 4 pfu. The cells remained on the orbital shaker throughout the experiment.
To determine cell viability with an MTS reagent, the spheroids plus the dissociated cells were transferred into a test tube. The cells were centrifuged for 5 min at 2000 r.p.m. and washed with PBS. The pellet was resuspended in 500 ml trypsin/EDTA to dissociate the spheroid for 5 min at 37 1C. The cells were brought into suspension by pipetting and centrifuged. The pellet was resuspended in 550 ml 37 1C warm medium and split into three times 200 ml in wells of a 96-well plate. A total of 20 ml of MTS reagent (Promega) was added and incubated for 3 h at 37 1C. For safety reasons, the plate was irradiated with UV for 1 h at room temperature to inactivate the virus. The absorbance was read at 490 nm with a reference at 700 nm.
To determine the number of GFP-positive cells within the spheroids, the spheroids were trypsinized as described above. Trypsin was inactivated by addition of fetal calf serum. After centrifugation, the pellet was resuspended in 800 ml 4% formaldehyde and incubated for 15 min at room temperature (fixation and virus inactivation). Cells were centrifuged and resuspended in 800 ml PBS and transferred to 5 ml FACS tubes. In all, 10 000 events were measured in a FACS calibur (Becton-Dickinson, Heidelberg, Germany) for the positivity of GFP fluorescence.
Virus isolation
Tumor-bearing mice were killed by cervical dislocation and the subcutaneous tumor was excised. The tumor was cut in pieces and incubated in culture dishes with confluent HT29 cells in culture medium. When GFPpositive cells were detected, the supernatant was transferred to fresh cells in cell culture flasks. The virus was titrated and 5000 pfu were inoculated into the allantoic cavity of 10-day-old embryonated chicken eggs. After 48 h, the allantoic fluid was harvested and virus was titrated by plaque assay. In parallel, virus was also produced in HT29 cells.
Virus characterization
To measure the spread of the infection 6 Â 10 5 HT29 cells were seeded in 6-well plates. Cells were infected at MOI 0.001 with the respective viruses. After 0, 24 and 48 h cells were trypsinized, fixed with 4% formaldehyde and subjected to FACS analysis to measure the percentage of GFP-positive cells using a FACS calibur (Becton-Dickinson).
The viral growth rate was measured using plaque test titration on HT1080 cells of cell culture supernatant from HT29 cells. HT29 cells were Isolation of a potent NDV by bioselection R Beier et al infected at MOI 0.01, MOI 0.001 and MOI 0.0001. An aliquot of cell supernatant was harvested at 0, 24 and 48 h and subjected to titration. The maximal viral growth rate was determined as the maximum increase in viral titer within 24 h. In vitro cytotoxicity was measured for three different cell lines: human fibrosarcoma HT1080, human colon carcinoma HT29 and human non-small cell lung cancer NCI-H460 tumor cells. Cells were seeded to reach confluency 1 day later in 96-well plates. The cells were infected at an MOI 0.01. After 72 h, cells were incubated with the MTS reagent (Cell Titer 96 AQueous One, Promega) for 2 h at 37 1C. To inactivate virus for safety reasons, the plates were subsequently irradiated with UV for 30 min at room temperature. Absorbance was read at 490 nm, according to the manufacturer's instructions.
Tumor xenograft experiment
Nude mice (Taconic) were inoculated subcutaneously with 3 Â 10 6 cells of HT1080 human fibrosarcoma cells. When tumors reached an average size of 30 mm 2 , treatment was started. Virus was administered intratumorally with 2.9 Â 10 7 pfu per 100 ml at days 7, 14 and 21. Tumor size and bodyweight of all animals was monitored for 76 days.
Chicken toxicity test
Eleven 10-day-old embryonated chicken eggs (Charles River) were infected with 4000 pfu per 100 ml of cell-derived virus material. The eggs were incubated at 37.5 1C and candled twice daily for 5 days for the survival of the embryos. The number of living embryos was counted at each time point.
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